Bromelain (Br), an extract from pineapple stem with cysteine protease activity, exerts antiinflammatory effects in a number of inflammatory models. We have previously shown that Br treatment decreased activated CD4 + T cells and has a therapeutic role in an ovalbumin-induced murine model of allergic airway disease. The current study was designed to determine the effect of Br on CD4 + T cell activation, specifically the expression of CD25 in vitro. CD25 is up regulated upon T cell activation, found as a soluble fraction (sCD25) and is a therapeutic target in inflammation, autoimmunity and allergy. Br treatment of anti-CD3 stimulated CD4 + T cells reduced CD25 expression in a dose and time dependent manner. This reduction of CD25 was dependent on the proteolytic action of Br as the addition of E64 (a cysteine protease inhibitor) abrogated this response. The concentration of sCD25 was increased in supernatants of Br treated activated CD4 + T cells as compared to control cells, suggesting that Br proteolytically cleaved cell-surface CD25. This novel mechanism of action identifies how Br may exert its therapeutic benefits in inflammatory conditions.
Introduction
The hallmark of many immune mediated disorders is the dysregulated activation of T cells [1, 2] . Primary events in the activation of T cells are the presentation of an antigenic stimulus via an antigen presenting cell (APC) to the T cell [3] and augmentation by co-stimulatory signals (CD80, CD86) on the APC [4] . Following this unique interaction the T cell up-regulates activation markers such as CD25, the high affinity alpha chain of the IL-2 receptor [5] . Once IL-2 binds to CD25 it triggers a signaling cascade, resulting in T cell proliferation and additional IL-2 production. CD25 is constitutively expressed on CD4 + CD25 + Foxp3 + T regulatory cells, up-regulated on CD4 + T cells in response to antigen and a fraction of CD25 can be released in soluble form(sCD25) [6] . Increased levels of sCD25 have been shown to correlate with disease severity in individuals with allergic asthma [7] . Serum levels of sCD25 rise in accordance with the IL-2 receptor and are currently being investigated as biomarkers in allergy and asthma. Therapeutic interventions that target T cell mediated diseases are often designed to either boost (cancer, infectious diseases) or lower (autoimmune, allergy) the threshold of T cell activation via alteration of cell surface receptors.
A number of natural products such as essential fatty acids [8] , Ginseng extracts [9] , Curcumin [10] and Bromelain (EC 3.4.22.32) an extract from the common pineapple [11] , have been identified as therapeutic targets for inflammation due to their ability to modulate T cell activation and expansion. Bromelain (Br) is a combination of proteins which contain cysteine protease activity [12] . Br has been shown to enhance the expression of CD11c and CD86 [13, 14] or suppress other surface markers such as CD44, B7-1, and CD80 [15, 16] on distinct cell populations in a variety of immunological systems. Br can modulate T cell production of inflammatory cytokines IL-4, IFN-γ [15, 16] and IL-13 [17] and down-regulate inflammatory responses in animal models of inflammatory bowel disease [18] , experimental allergic encephalomyelitis [16] and allergic airway disease [19] .
It has been previously demonstrated that Br inhibits downstream TCR signaling in CD4 + T helper cells [20] but the effect of Br on the expression of CD25 has been largely unexplored. The current study was designed to better understand the effect of Br on activated CD4 + T cells. In this manuscript we report that Br inhibits CD25 expression on activated CD4 + T cells, possibly via proteolytic cleavage.
Methods

Mice
Studies were performed on female C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME), 8-10 weeks of age and weighing 17 to 20 g. Mice were housed conventionally in the animal facility at the University of Connecticut Health Center in accordance with institutional and Office of Laboratory Animal Welfare guidelines. All experimental procedures were approved by the institution's Center for Laboratory Animal Care.
Reagents
To directly reflect the natural products utilized in the marketplace, we chose a commercially available, quality control tested product distributed to physicians, for use in our research. Br (EC 3.4.22.32) catalog VNBR, lot # 2272 was obtained from Vital Nutrients (Middle-town, CT) and stored at 4 °C in opaque containers. The identity of Br (Table 1) was confirmed by matching its Fourier transform infrared spectroscopy and HPLC profiles with the industry (Sigma) standards. Br was independently tested for activity/potency (2407 gdu/g) and endotoxin content (0.017 µg/ml), which was consistent with previously published levels [11] . Additional analytical testing completed for Solvent Residues, Microbiology, Aflatoxins, Heavy Metals, and Pesticides Residues were all within USP Limits or negative. The cysteine protease inhibitor E-64 [Trans-Epoxysuccinyl-L-Leucylamido-( 4-Guanidino) Butane] was obtained from Sigma (St. Louis, MO). For in vitro cell stimulation, anti-CD3 (145-2C11) was obtained from BD Pharmingen (San Jose, CA). Fluorescent labeled monoclonal antibodies used for flow analysis included anti-CD4-PE-Cy7 (L3T4) and anti-CD25-PE (PC61) BD Pharmingen (San Jose, CA).
CD4 + T cell isolation and activation
CD4 + CD25 − T cells were used in all in vitro experiments. To obtain CD4 + CD25 − T cells, spleens of naïve mice were mechanically disrupted and passed through a 70 µm nylon cell strainer (BD, Bedford, MA). Erythrocytes were lysed by rinsing with deionized H 2 O at room temperature for 15 s. Lysis was terminated by the addition of HANK's Balanced Salt Solution (Sigma). CD4 + CD25 − T cells were then isolated via negative selection from the leukocytes using a Treg isolation kit (Miltenyi Biotech, Auburn, CA). CD4 + CD25 − T cell isolations yielded 10-15×10 6 cells with a purity of >95%, as confirmed by flow cytometry. The CD4 + CD25 + or Endogenous Regulatory T cell (Treg) fraction was used in selected experiments. Flat bottomed plates (24 well) were coated with anti-CD3 Ab (10 µg/ml) for 4 h in a CO 2 incubator (10%) at 37 °C. The plate was subsequently washed three times with culture media to remove any unbound anti-CD3. CD4 + CD25 − cells (1×10 6 ) were added per well and plated for 18 h in RPMI 1640 culture media supplemented with 10% FCS and 50 µM 2-ME. L-Glutamine, antibiotics Penicillin-Streptomycin and Gentamycin were added to RPMI 1640 to maintain sterility and viability of cells. For in vitro assays, Br was dissolved in culture media, sterile filtered and administered following in vitro activation of CD4 + T cells. Br was cocultured in a dose response manner (25-100 µg/ml) with activated CD4 + T cells for 0-18 h in culture media. E-64 (100 µM) was added to cultures containing Br to neutralize the cysteine protease activity. For re-stimulation assays: cells were washed three times after Br treatment, labeled with CFSE and placed in culture in anti-CD3 Ab (10 µg/ml) coated plate as above. CFSE labeling was performed by incubating CD4 + CD25 + T cells (~1×106) with 2.5 µM CFSE at 37 °C for 15 min. CFSE-labeled cells were washed three times with 10% FCS. After 48 h of culture the cells were harvested from the plate, stained with CD4 and CD25 Abs, and observed for proliferation via CFSE dilution on flow cytometry.
Flow cytometry
CD4 + T cell samples were washed in FACS Buffer (PBS containing 0.2% BSA and 0.1% NaN 3 ) and aliquots containing 10 6 cells were incubated with 100 µl of appropriately diluted antibodies (anti-CD4, CD25) for 30 min at 4 °C. After staining, the cells were washed with FACS Buffer, and relative fluorescence intensities were determined on a 4-decade log scale by flow cytometric analysis, using an LSRII (Becton Dickinson, Franklin Lakes, NJ). 500,000 cell events were collected and analysis was carried out with FACSDiva software (BD Biosciences, San Jose, CA).
Immunoblotting and ELISA
To quantify the amount of sCD25, Western blot analysis was performed on cell culture supernatants obtained from activated T cells treated with media alone (control), Br (50 µg/ml) or E-64 Inactivated Br. The cell culture supernatants were run on 12% (SDS-PAGE) gels. The separated proteins were then electrophoretically transferred to Immobilon-P membranes (Millipore Corp., Bedford, MA) using a semidry transfer system (Bio-Rad, Hercules, CA). The blots were blocked in Tris-buffered saline/Tween-20 (TBS-T containing 20 mM Tris base, pH 7.6,137mM NaCl, 0.1% Tween-20) supplemented with 5% (wt/vol) non-fat dry milk for 60 min; blots were incubated overnight at 4 °C with the primary antibody (CD25) R&D Systems Inc. (Minneapolis, MN). Membranes were washed three times in TBS-T before incubation for 60 min with horseradish peroxidase-conjugated secondary antibody Stressgen (Ann Arbor, MI) diluted 1:2000 in TBS-Tand 5% (wt/vol) nonfat dry milk. Membranes were washed three times with TBS-T for 10 min each, blots were treated with Enhanced Chemi-Luminescence (ECL from Amersham) reagents and the required proteins were detected by autoradiography for variable lengths of time with Kodak X-Omat film. In addition to Western blot the amount of sCD25 in cell culture fluid was determined by ELISA catalogue #DY2438 (R&D Systems Inc. Minneapolis, MN) via manufacturer's instructions.
Statistical analysis
Statistical comparisons between groups were made with analysis of variance and unpaired ttests using JMP® Software (SAS Institute Inc., Cary, NC). All data were expressed as means ±standard error of the mean, and differences were considered significant at p≤0.05.
Results
Bromelain treatment reduces CD25 expression on activated CD4 + T cells
Previous work in our laboratory suggests that Br may reduce murine allergic asthma by preferentially modulating CD4 + CD25 + T cells [17] . This experiment was designed to evaluate the effect of Br on CD25 + expression on activated CD4 + T cells, independent of TCR stimulus and therefore Br treatment was initiated on CD4 + CD25 + T cells after the TCR stimulus was removed. As anticipated, CD25 expression was greatly increased on anti-CD3 stimulated naïve CD4 ++ T cells with 78% of the cells positive for CD25 as compared to only 0.5% at baseline (Fig. 1A) . Br treatment reduced the expression of CD25 in a dose response manner, from 78% to 52% (Br 25 µg/ml), 40% (Br 50 µg/ml), and 18% (Br 100 µg/ml). Treatment with the protease inhibitor E64 abrogated the ability of Br treatment to reduce the percentage of CD25 + cells (72%) as compared to controls 78%. Br treatment did not negatively affect cell viability (as determined by trypan blue exclusion) as the viability was >95% for all doses used in cell culture experiments.
In addition to evaluating Br's effect on the percentage of CD4 + CD25 + cells, the change in mean fluorescent intensity (MFI) of CD25 was also compared between groups (Fig. 1B) . The MFI of CD25 was significantly increased in anti-CD3 stimulated CD4 + T cells 14,821±144 as compared to naïve control baseline CD4 + T cells 201±76 (p≤0.001). Br treatment reduced the MFI of CD25 6416±409 (Br 25 µg/ml), 3404± 143 (Br 50 µg/ml) and 2630±118 (Br 100 µg/ ml) as compared to anti-CD3 stimulated CD4 ++ T cells, p≤0.001. As anticipated E-64 inactivation of Br inhibited the ability of Br (100 µg/ml) to reduce the MFI of CD25, 11,839 ±13.5, (p≤0.001).
The effect of Br on CD25 expression was also evaluated onCD4 + CD25 + Endogenous T Regulatory cells (Tregs), which are known to constitutively express high levels of CD25 (Fig.  1C) . As compared to un-stimulated CD4 + CD25 − negative controls, Tregs were indeed 25 hi . Br (100 µg/ml) treatment greatly diminished CD25 expression on Tregs. The reduction of CD25 on Tregs was also inhibited with E-64 inactivation of Br (not shown).
Inhibition of CD25 expression on activated CD4 + T cells by Br is time dependent
The reduction in CD25 expression by Br was dependent on proteolytic activity but the time in which the effect occurred was unknown. To address the time effect of Br on activated CD4 + CD25 + T cells, splenic CD4 + CD25 − T cells were isolated, and stimulated in vitro for 48 h and then treated with Br or E-64 inactivated Br as in Fig. 1 . Br (50 µg/ml) was chosen for these experiments as the dose that consistently reduced CD25 ~50% from activated CD4 + T cells. Representative dot plots are shown (Fig. 2) for CD3 activated control and Br (50 µg/ml) treated cells cultured for 3, 6 and 18 h. After 3 h in culture there was no difference in the percentage of CD25 + cells between CD3 activated control (68%) and Br treated cells (72%). At 6 h in culture the percentage of CD25 + activated control cells was slightly reduced to 54% but there was marked reduction with Br 50 µg/ml treatment from 72% to 11%. The reduction in CD25 expression continued to slowly decline on Control cells 43% after 18 h as compared to 5% with Br (50 µg/ml) treatment. In duplicate experiments 50 µg/ml of Br exhibited the greatest reduction in CD25 expression at 6 h. Similar to the data in Fig. 1 , this ability of Br to reduce the percentage of cells expressing CD25 was inhibited by E64 at 3 h (59%), 6 h (45%) and 18 h (38%).
Br proteolyticly cleaves CD25 from activated CD4 + T cells
In order to determine whether Br was inhibiting the expression or cleaving off the CD25 receptor, a Western Blot for CD25 was carried out on cell culture supernatant from duplicate experiments on anti-CD3 stimulated (Activated Control) cells and Br (25 and 50 µg/ml) treated cells. The molecular weight is depicted in Lane 1 (31-66.2 Kd) and corresponds to the molecular mass of IL-2Rα which ranges from 40 to 50 Kd depending on the state of glycosylation. The CD25 protein is present at low levels in the supernatant of control cells (Fig. 3A, lane 2 ) and is increased with Br 25 µg/ml (lanes 3 and 4) and Br 50 µg/ml (lanes 5 and 6). The presence of CD25 in culture supernatant was inhibited with E64 treatment (lane 7). The pattern of CD25 protein deposition by Western blot is replicated in an ELISA for sCD25 (Fig. 3B) . As compared to control cells (1226±163 pg/ml) the amount of sCD25 was significantly elevated in the culture supernatant of Br 50 µg/ml treated cells (2253±143 pg/ml) p≤0.01. In contrast, when E64 is used to inactivate Br's proteotytic activity, the presence of sCD25 is greatly diminished (306±25 pg/ml).
CD4 + T cells retain ability to divide after Br treatment
With the reduction of the CD25 receptor on activated T cells after Br treatment it was necessary to determine if these cells remain functional. Cells were isolated, activated and treated with Br (50 µg/ml or 100 µg/ml), culture media, or with E64 -inactivate Br as described in Section 3.1. Cells were then washed, labeled with CFSE and cultured with media or re stimulated with anti-CD3 alone or anti-CD3 and IL-2 for 48 h. Cells were analyzed via Flow Cytometry for their ability to dilute CFSE (Fig. 4) . In groups which did not received stimulation (no αCD3) very few cells divided (5.4-7.6%). With the addition of αCD3, an average of 33% of cells divided, with no difference observed between treatment groups. The addition of exogenous IL-2 did not significantly alter division with ~37% cells dividing.
Discussion
We and others have previously demonstrated that Br exerts immuno-modulatory effects in CD4 + T cell mediated inflammation [16, 18, 21] . Our previous observations utilizing a murine model of ovalbumin-induced allergic asthma demonstrated that in vivo Br administration significantly reduced activated CD4 + T cells in particular CD4 + CD25 + cells. There was no effect on the Foxp3 expressing T regulatory cells which constitutively express CD25. This observation led us to the current experiments which were designed to determine if Br modulates CD25 expression. By utilizing an in vitro model of T cell activation, we have shown that Br reduced CD25 expression on CD4 + T cells in a dose and time dependent manner. Additionally, Br treatment appears to cleave off CD25 from the cell surface since increased sCD25 can be found in cell culture supernatants. The process by which Br reduced expression of CD25 required the cysteine protease activity of Br, since it was abrogated with E64.
The immuno-modulatory capacity of Br has been a topic of investigation for several decades and its exact mechanism of action remains undetermined [22] [23] [24] [25] . The diversity of results obtained from Br research may be due in part to the inconsistencies of natural product material in the marketplace, in addition to diverse experimental designs [26, 27] . For these experiments we chose a commercially available, quality control tested product distributed to physicians through Vital Nutrients (Middletown, CT). The identity of Br was confirmed by matching its FITR and HPLC profiles with the industry standard ( Table 1 ). Br was analytically tested by independent laboratories for purity, quality and enzymatic stability and degree of degradation. A subset of the results is provided for Solvent Residues, Microbials, Alfatoxins, Heavy Metals and Pesticide Residues, all of which are within acceptable USP limits or undetectable (Table  1) .
Research into the mechanism of action of Br has demonstrated effects on a myriad of immune cell populations depending on the model of study. Br modulates leukocyte trafficking [28] , inhibits MAP kinase and T cell receptor signaling [20] , and modulates expression of cell surface molecules such as CD44 and CD45RA [15] , CD28 [29] and CD86 [14] . As discussed by Lehmann et al. [30] , Br may act as a physiological regulator of the inflammatory response primarily by shifting the T cell activation threshold. In addition to the key molecules involved with T cell activation listed above, CD25, the high affinity IL-2 receptor α subunit is also critical. IL-2 is the primary T cell growth factor which binds to its cognate receptor CD25 on T cells to initiate T cell proliferation. CD25 has been identified as a therapeutic target in conditions such as cancer [31, 32] autoimmunity [33] and asthma susceptibility [34] and levels or soluble CD25 are being evaluated for their diagnostic potential [35, 36] .
Different models of in vitro T cell activation exist and a commonly used protocol is to provide CD4 + T cells with CD3 and CD28 stimulation. Levels of activation may fluctuate depending on the concentration and method of anti-CD3 delivery (such as plate bound or soluble) and the dose and timing of drug delivery. Similarly, the effect of Br on T cells has been evaluated prior to T cell activation, concurrently with T activation, or after the T cells have become activated (or express CD25). A previous study examined the effect of Br on T cells prior to stimulation and found no change in CD25 expression [29] . Others [37] investigating the effect of compounds such as Der p 1 with cyteine protease activity found significant reduction in CD25 expression with treatment after anti-CD3 stimulation. In our studies we have utilized both concurrent and post T cell activation administration of Br where CD25 expression was significantly reduced as compared to controls (Fig. 1) . This effect was consistent and even when CD4 + CD25 − T cells were treated concurrently with anti-CD3 stimulation where the percentage of CD25 + cell decreased from 35% (controls) to 2% with Br (100 µg/ml) treatment. The reduction in CD25 expression was dependent on the cysteine protease activity of Br as E-64 reversed the loss of CD25. Br also reduced CD25 expression on T regulatory cells (Fig.  1C) when treated in vitro. This is an important control due to the fact that endogenous Tregs do not require stimulation to increase CD25, confirming the affinity of Br for CD25. The expression of CD25 was also shown to be the reduction of CD25 by Br began after ~6-8 h in culture (Fig. 2 ) which was consistent with similar timing observed by when assessing CD25 cleavage and T cell replication with a cysteine proteases [37] .
Other compounds with cysteine protease activity have been shown to cleave CD25 such as house dust mite Der p1 [37] and Aspergillus fungal proteases [38] . In agreement with these findings and as evidence for cleavage, Br treatment of CD4 + CD25 + cells (Fig. 3A and B) resulted in an increase in antibody detectable sCD25 protein isolated from the cell culture supernatant as compared to baseline levels which have been shown to increase in anti-CD3 stimulated controls. CD25 cleavage by Br was inhibited by E64 similar to the inhibition of CD25 cleavage by antipain inactivated Der p 1 [37] .
The ability of cysteine protease containing compounds to cleave CD25 may result in contradictory effects. The consequence of protease exposure either as allergens or fungal pathogens may lead to enhanced innate immune recognition and then skewing towards a Th2 adaptive immune response [39] . In contrast, therapeutic treatment with natural products which contain cysteine proteases such as Br, may result in a reduced Th2 response and an antiinflammatory effect. Constant treatment or contact with Br is required for down-regulation of CD25 as cells which are removed from treatment retain their ability to up regulate CD25. Cells also maintain their functionality (Fig. 4) and do not become anergic. This may be an optimal therapy where the desired effect occurs without the loss of immune functionality. The data described here suggest an additional mechanism through which Br may alter T cell activation and positively modulate the immune response. Br treatment reduces CD25 expression on CD4 + T cells. A) CD4 + CD25 − T cells (1×10 6 ) were stimulated in vitro with anti-CD3 (10 µg/ml) for 48 h. Activated T cells were removed from stimulation, washed thrice, and re-plated with Br (25, 50, 100 µg/ml) for 8 h. Post culture, cells were analyzed for cell surface expression of CD25. As compared to baseline (0.5%), activated control CD4 + T cells up regulated CD25 surface expression (78%). Br treatment reduced the expression of CD25 to 52% (Br 25 µg/ml), 40% (Br 50 µg/ml) and 18% (Br 100 µg/ml). Inactivation of the cysteine protease activity of Br (100 µg/ml) with E64 prevents the loss of CD25 surface expression (72%). Experiments were carried out in triplicate. CD4 T cells (xAxis) are compared to CD25 expression (y-Axis). B) The mean fluorescent intensity (MFI) of CD25 was compared between groups from A) above. C) CD4 + CD25 + Endogenous Tregs (1×10 5 ) were treated with Br (100 µg/ml) or media for 8 h and CD25 expression was compared between groups and to CD4 + CD25 − (Negative) controls. The * represents a significant difference between the control anti-CD3 stimulated cells and all other groups, while the ** denotes significant differences between the E64 Inactivated Br and all other treatment groups. The ‡ represents p=0.05 when comparing the Br 50 µg/ml and Br 100 µg /ml treatment groups. Experiments were carried out in triplicate. Inhibition of CD25 expression on activated CD4 + T cells by Br is time dependent. CD4 + CD25 − T cells (1×10 6 ) were stimulated in vitro with anti-CD3 (10 µg/ml) for 48 h. Activated T cells were removed from stimulation, washed thrice, and re-plated with or without Br 50 µg/ml or E64-inactivated Br, for up to 18 h. Representative dot plots of activated T cells at 3, 6, and 18 h of incubation are shown. There was no difference in surface expression of CD25 on control (68%) and Br treated (72%) CD4 + T cells at 3 h. A considerable reduction in CD25 expression was observed at 6 h (54% vs 11%) and 18 h (43% vs 5%) between activated controls and Br treated cells, which was largely abrogated with E64. Experiments were carried out in duplicate. CD4 + T cells (x-Axis) are compared to CD25 expression (y-Axis). CD4 + T cells retain ability to divide after Br Treatment. CD4 + CD25 − T cells (1×10 6 ) were stimulated in vitro with CD3 (10 µg/ml) for 48 h. Activated T cells (1×10 6 ) cells were removed from stimulation, washed thrice, and cultured with Br (50 and 100 µg/ml), media alone (Control) or with E64-Inactivated Br for 8 h. Cells were then CFSE labeled and re-stimulated with anti-CD3, exogenous IL-2, or media alone. Cells without re-stimulation failed to dilute CFSE. The percentage of cell division was similar in those stimulated with anti-CD3 (Mean 33%±2) and the addition of exogenous IL-2 did not significantly alter cell division.
